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 本研究者は，独自の計測法を開発し(IEEE Trans. on UFFC. 1996 年，1997 年，アメリカ合






















































































4. 健常者 5 名へ適用し，大動脈弁が閉鎖するタイミングに自発的に発生したパルス状振
動の計測を行い，心筋を伝搬する速度に関して同一被験者の拍間に十分な再現性のあ
ることが確認された． 
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???? [1], ???????????????????. ???????????, ??
??????????, ??X?, X ?CT, ?????????????????. ??
?, ???????????????, ??????????????????????
???????, ??????, ?????????, ?????????, ??????
????. ??X?, X?CT??????????. ??????????, ?????




??????????????????, ????????. ??, ??????????









?????????????????????????????????? [2, 3, 4, 5,
6, 7]. ????????????????????????????????, ????
????????????????????????????????????????
???????????????, ??????????????? (???????) ?
200 Hz???????? [2]. ???, ???????????????????????
?, ?????????? 10 ms ??????????? [8], ????????????
??????? 1-2 ms ??????? (???????> 500 Hz)??????????.
????????????, ???????, ??????????????????
??????????????????, ?????????????????????





????????? B????????????? (????????) ?, ? 600 Hz
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? 1???, ????????????, ????????????????.
? 2?????????????????????????????????????.
? 3???, in vivo???????????????????????????????
?, ?????????????????. ??????????????????, ??
??????????????????.











????????, ??????????????????????? μm??, ??Hz
?????????????????????????????????? [9, 10].
????, ????????????????????? R????? II?????
??, ?????????????????????????????????????
???. ??, ?????????????????????????????????









? 2.1??????, ??????? (SSD-6500: ALOKA?) ? 3.75 MHz ????
????????, ????? (? 2.1(a))??????????????????? (?
2.1(b))?????. ????? (? 2.1(a))????????, ??????????? (?





















(a) long-axis view (b) apical long-axis view
LAPW
? 2.1: (a) ?????????RF??????. (b) ???????????RF???
???.
????? (? 2.1(a))??????????????????????????, ???
??? 20 ?????, ????? 5????????? 5.6????????????,
? 600 Hz??????????????. ???????? (? 2.1(b))???????
?????, ?????? 15?????, ????? 8????????? 2.2????
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???????, ??????????????????????? (500-600 Hz)???




? 2.2: ??????????????????????? [9].
? 2.2??????, ???? ω0 = 2πf0??????????????ΔT ????
?????????????????????????, ??? c0, ?????????
??????? τ ????, ?? x(t)??????? y(x; t)??????? θ(x; t)???
??????. ?? c0?????? 1,540 m/s?????.
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???, ΔT ???????????? 2?????? y(x; t)? y(x; t + ΔT ) ????
?Δθ(x; t)?????????.
Δθ(x; t) = θ(x; t + ΔT )− θ(x; t) = 2ω0
c0
Δx(t) (2.2)
???, Δx(t) = x(t + ΔT )− x(t)?ΔT ?????????????. Δx(t)?ΔT ??
















????, ??????? y(x; t)? y(x; t + ΔT )????, ????????????
????????????? 2???????????? (????)???, ?????

















? (? 2.3(a)), 1?????????????????????????????????
??????????????????????????. ???, ?????????
??????????????, ???????????????.
?????? 35 μm????????????, ?????????????????
?????????????????????????. ? 2.3(b) ??????????
???????????. ? 2.3??, ???????????, ? 1.5 mm????.
ultrasonic
probe
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???????. ? 2.4(a)?, ?????????B???????, ??? 5?????
??????????????, ?????????????????????. ? 2.4(b)
?, ? 2.4(a)??????????????? (??)????M???????, 2.3.1
??????????????????????????????????????. ?
2.4(b)????? 5?????????????????????, ?????? 2.3(b)
???????????????. ? 2.3(b)??, ???????????R?????
































?, ????????????????. ? 2.5?, ????????????????
??????? (?? 35 μm)???????????????????. ? 2.5??, ?
?????????????????, 0.5 μs????. ?????? c0 = 1540 m/s?
??????, ??????????? 770 μm?????. ????????????
??Δxs = c0/(2 × fs) = 51.3μm???????, N · Δxs > 770μm????????
?N = 16? 2????????. ???, ????????????? 2??????
16×Δxs = 821μm?????.
time [   s]μ




















 0  1  2  3  4  5  6
? 2.5: ????????????????.
2.3.4 ??????????????????????
? 2.6(b)??????, ???R????????? II????????? t = t0?,
???????Δd = 821 μm??????????????????Δd/4 = 205 μm?
???N ?????. ????Δd?????????????????? (? 2.5). ??
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t = t0?????????? i (i = 0, 1, 2, ?, N −1) ??? x1i ??? x2i???????
???????????????????????. ?? t = t0 ???? t0 ≤ t ≤ t0 + T
? t0 − T ≤ t ≤ t0????????????, ???????????????????
?????????????. ?????? T (= M ·ΔT )?? 2.4??, ???????
??????????????????????? (? 100 ms)?????. M ????
???????, ΔT = 1/(frame rate)??????????????????????.
???, tm ≡ t0 +m ·ΔT (m = −M,−(M − 1), ?, -1, 0, 1, ?, M − 1,M)???. ??
?? t0 ≤ t ≤ t0 + T ?????, m = 0????????? 2????????? t = tm
? t = tm+1???RF ?????????????? Δ̂θ(xi; tm)??, ? (2.3)????
?????????????? {xi}??? v̂(xi; tm) ?????.
v̂(xi; tm) = c0 · Δ̂θ(xi; tm)
2ω0 ·ΔT [m/s] (2.5)
???????????????ΔT ???????????????????????
t = tm+1?????? x̂i(tm+1) ???????????.
x̂i(tm+1) = x̂i(tm) + v̂(xi; tm) ·ΔT [m] (2.6)
???? t0 − T ≤ t ≤ t0???????m = 0?????m = −(M − 1)??????
???????????????????????????????????.
x̂i(tm−1) = x̂i(tm)− v̂(xi; tm−1) ·ΔT [m] (2.7)
?????????? t = t0???? t0 − T ≤ t ≤ t0 + T ??????? t????
?? i??? {x1i, x2i}??? {v(x1i; t), v(x2i; t)}?????. ????????????
???????????????????????????, ????????????
? [10, 11]. ?? t???? i????????????? Si(t)???????????
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{v(x1i; t), v(x2i; t)}????????????.
Si(t) =












  −T0t 0t   +T0t







































t0TΔt0  − 0 ΔTt + TΔt0  − t0 0 ΔTt +
t0Δ (   )θ













? 2.6: (a) ?????????RF ??????. (b) ???????????????













???? (? 2 ms)????, ?????????????.
??? II???????????????????????. ??????????, ?
??????????????????????????, ?????????????





? 3.1(a), 3.1(b)????????A (22??????)????B (23??????)?
B???????. ????????????????????????????, ??








































3.2.1 ???R???? in vivo????
? 3.2, ? 3.3????????A????B?????? 2 ????R???????
?????????????. ????????????????R????? 160 ms,
170 ms???????????????. ? 3.2(a), ? 3.3(a)???????????M
???????. ? 3.2(b), ? 3.3(b)?? (2.8)????????????????M??
????????????????. ??????????? 3.2, ? 3.3 ??????
?????. ???????????????, ?????????????????. ?
3.2(c), (d), ? 3.3(c), (d)???????????????. ? 3.2(e), (f), ? 3.3(e), (f)?
????????????????????????????????????????
???. ? 3.2(b), ? 3.3(b)????, ??????????R ??? 30-40 ms ????
????????, ?????????????? 60-70 ms?????????????












































? 3.2: ???R???????? (???A). (a) M????. (b) M?????????
???????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ??







































? 3.3: ???R???????? (???B). (a) M????. (b) M?????????
???????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ??




3.2.2 ??? II???? in vivo????
? 3.4, ? 3.5????????A????B????? II???????????. ?
3.4(a)-(f), ? 3.5(a)-(f)?????, ? 3.2(a)-(f), ? 3.3(a)-(f)???????. ? 3.4(b),
? 3.5(b) ????????????????, ?????????????????, ?
???????????????????????????????????. ????







































? 3.4: ??? II???????? (???A). (a) M????. (b) M?????????
???????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ??






































? 3.5: ??? II???????? (???B). (a) M????. (b) M?????????
???????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ??






??????????????? 2???????????????. R ???? II??
??????????????? 2????????, ???????????????








(a) (b) (c) (d) (e) (f)
Ao valve closure




























? 3.6: ???R?????? II?????????????????? (???A). (a)

































? 3.7: ???R?????? II?????????????????? (???B). (a)




? 3.6, ? 3.7?????????????????????????????????
?????.
? 3.6(a), ? 3.7(a)????R??????????? 2?????????????
??. ????????, ?????????? (?)????????????????
???? (?)?????.
? 3.6(b), ? 3.7(b)????????????. ?????????????????
???????????, ??????????????. ??, R??????????
????????????????????????????????????????.




? 3.6,? 3.7? (c)? (d) ???????????????????. ? 3.6(c), ? 3.7(c)
??, ??????????????????????????????, ? 3.6(d), ?
3.7(d)??????????????????????????????????. ??,
? 3.6(c), ? 3.7(c) ???????????????????????????????
??????, ????????????????????????, ?????????
????????????. ??????????, ????????????????.
? 3.6(e), ? 3.7(e)???? T????????????????. ????????
???????????????????, ????????????????????
?????????????????.



















? 3.8,? 3.9?, ???A????R???????R???? 3.2 ms???????
??????????????. ? 3.8 ??, ????????????????????









??? B?????? 3.10,? 3.11?, ??????? R ??????? R????























































































































? 3.11: ???R??????? 3.4 ms?????????????? (???B).
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? 3.12???? A??????? R??????????????????, ???
??????????????????????. ? 3.12(c)?????, ???????
?????????????????. ? 3.12(d)?????, ? 3.12(c)???????
???????????????????????????. ????????????,
?????, ???????????????????????. ??????????
??, ??? P?????????????????, ???R???????????
?????. ????????????, ?????????????????????
?. ?????????????????????, ?????????.
??? B????????????? 3.13???. ??? B???????? A???
????????.
???????????????????????????????????????




































(d) speed of change in





































(c) width of LV chamber
(e) strain rate distribution in





























? 3.12: ???R??????????????????? (IC)???????????
????? (???A). (a) ??? (ECG). (b) ??? (PCG). (c) ???????????





















































































(d) speed of change in
width of LV chamber
(e) strain rate distribution in













(c) width of LV chamber
? 3.13: ???R??????????????????? (IC)???????????
????? (???B). (a) ??? (ECG). (b) ??? (PCG). (c) ???????????





? 3.14, ? 3.15????? II???? 2?????????????, ???A, B??
????????. ? II????????????????????????A , ???
B???????? 3.2 ms, 3.4 ms ??????????????. ?????????
????????????, ???????????????????????????



















307 ms after R-wave
35 ms





















311 ms after R-wave
Ao valve closure37 ms






???????????. ? 3.16?, ???A???????????????????
??????????, ???R?????????????????????????
??????????????. ???????? 3.16????????, ??????
????????????????????????????????????????
??????????????. ??? B????????? 3.17???. ???A, B









































































































? 3.18(a), 3.18(b)???? C (24??????)????D (22??????)???
????????B???????????. ???????????????????
???????, ???C????D???????????????????? 560 Hz














































? 3.18: ??????????B????. (a) 24?????? (???C). (b) 22???
??? (???D).
3.3.1 ???R???? in vivo????
???????????????????????????????, ???R ???









????. ? 3.19(b)?? (2.8)?????????????????? 3.19??????
???????M???????????????. ???????????????
????????????, ???????. ? 3.19(c), (d)???????? (ECG)?
??? (PCG)???. ? 3.19(e)?????? 3??????????????????
????????.
? 3.20?? 3.18(2)???????D???????????????? 2??????
??????????????, ???R????±134 ms (±80 frames) ??????
?????????. ? 3.20(a)-(e)?????? 3.19(a)-(e)???????.































? 3.19: ??? R???????? (??? C). (a) M????. (b) M???????






























? 3.20: ???R???????? (???D). (a) M????. (b) M???????





? 3.21????C????R????????????????? 1.8 ms ?????
????. ? 3.21?????R??? 40 ms??Q ?????????, ???????
????????????????????. ???????????????????
0.8 m/s????. ?????????????????, ???? 0.3-1.0 m/s????







???????????????. ??? (mitral valve)?????????? (Ao valve)



















































Ao valve openMitral valve close elongation
? 3.22: ???R??????? 3.6 ms?????????????? (???C).
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? 3.23????D????R????????????????? 1.7 ms ?????
????. ? 3.23??, ???C???????R??? 40 ms??Q ???????
?????????????????????????????. ???R??????
???????????????????????????. ????????????

























































? 3.24: ???R??????? 3.4 ms?????????????? (???D).
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3.3.3 ??? II???? in vivo????
???? II??????????? R???????????. ??? II?????
??????????????????, ???????????????????.
? 3.25???? C?????? 3??????? II???????????????
?????. ???? 3.26????D?????? 2????????????????
?????????. ? 3.25(a)-(e), ? 3.26(a)-(e)?? 3.19(a)-(e), ? 3.20(a)-(e)????
???????.






























? 3.25: ??? II???????? (??? C). (a) M????. (b) M???????






























? 3.26: ??? II???????? (???D). (a) M????. (b) M???????





? 3.27????C???? II???????????????????? 1.8 ms ??
???????. ? 3.27??, ??????????????????????????
?????????????????????.
























309 ms after R-wave
30 ms
309 ms Ao valve close
elongation
shortening























314 ms after R-wave
R-wave
Ao valve close314 ms
28 ms
second heart sound
? 3.28: ??? II??????? 1.7 ms?????????????? (???D).
3.4 ??
????, ????????????????? in vivo??????. ???????
?????????????? (? 1/600 s)??????????, ?????????
?????. ???R???????, ??????????????????????















4.2 ?????????????????????? in vivo
??
? 4.1?????????? (79???, ???????? (LAD #7), ??????)
???????????? B???????. ????????????????? 10












10 1 beam number
10 mm
LV
? 4.1: (a) ????????? (79???, ?????? (#7))???????????
?B????. (b) ???????????????? [17].
4.2.1 ???R???? in vivo????
? 4.2?? 4.1????????????????????????????? 5???
?????????????????. ??????????R????±163 ms (±80
frames) ???????????????.? 4.2(a)???????????????M
???????. ? 4.2(b)?? (2.8)?????????????????? 4.2???
??????????M???????????????. ?????????????
??, ???????. ? 4.2(c), (d)???????? (ECG)???? (PCG)???. ?
4.2(e)?????? 5??????????????????????????.






























? 4.2: ??? R????????. (a) M????. (b) M????????????





? 4.3, ? 4.4????????R????????????, ???????????
???? 2 ms ?????????????????. ??????????? 4.5, ? 4.6
???????. ??????????????? 10????????, ???????
?????? 1????? 8??????????????. ? 4.3, ? 4.5??, ???R
??? 40 ms?????????????????????????? (??)????
???????. ??? R???????????????????? (??)????
????????, ????????????????????? (? 4.4, ? 4.6). ? 4.3,
? 4.4, ? 4.5, ? 4.6?????R????????????, ????????????
??????????.




























Ao valve openMitral valve close
Ao valve open
59 ms




























? 4.6: ??????? 2 ms?????????????? (2??).
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4.2.3 ??? II???? in vivo????
???? II??????????? R???????????. ??? II?????
??????????????????, ???????????????????.
? 4.7?????? 5??????? II????????????????????.
? 4.7(a)-(e)?? 4.2(a)-(e)???????????.































? 4.7: ??? II????????. (a) M????. (b) M????????????





? 4.8, ? 4.9??????????? 2?????? II??????????????
?????? 2 ms ?????????. ? 4.8, ? 4.9??, ?????????????
????????????????????????, 3.3.4?????????????
????????. ??, ????????????????????????????












280 ms from R-wave
10 mm
Ao valve close













280 ms from R-wave
10 mm









? 4.10???? R?????????? 5???????????????????
????? 2????????. ? 4.10(1), (2)????? 1??, 2????????. ?
4.10(a), (b), (c)????????????R?? 41 ms? (20?????), ???R?,
??? R?? 41 ms(20?????)????????????? 5?????????
????????. ????? 4.2.2???????????????????????
?. ???R ????????????±82 ms (±40 ????)???????????
??????????? 4.10(d)???. ??????????????????, B??
????????????? (? 4.10(e))?, ???R?????B???? (? 4.10(f))
??????.
???????????????? 2???? (? 4.10(e))??, ??????????
????????????????????, ???????????????????
???. ???? 2??????????????????????, B???????
?????????????????????????. ??????????????







 0  0.5  1  1.5  2-6 -2  0  2-4 -6 -2  0  2-4-6 -2  0  2-4





 0  0.5  1  1.5  2







Strain rate [(m/s)/m] [(m/s)/m]
(1) first beat
41 ms 41 ms


















? 4.10: ???R?????????? 5???????????????????. (1)
1??. (2) 2??. (a) R???? 41 ms. (b) R?. (c) R???? 41 ms. (d) R????





??? II???????????????????????????????. ? 4.11
???? II?????????? 5????????????????????????
2????????. ? 4.10(1), (2)????? 1??, 2????????. ? 4.11(a), (b),
(c)???????????????? 41 ms?, ??????, ??????? 41 ms?
???????????? 5?????????????????. ????? 4.2.4??
???????????????????????????. ? 4.11(b)???????
???????????±82 ms (±40 ????)??????????????????
???? 4.11(d)???. ??????????????????, B?????????
?????? (? 4.11(e))?, ??????????B???? (? 4.11(f))??????.
???R????????, ??????????????????????????
??????????????. ????, 2?????????????????, ??














at Ao valve closure
B-mode image
at Ao valve closure






[(m/s)/m] [(m/s)/m] [(m/s)/m] [(m/s)/m]
(1) first beat

















-4 -2  0  2  4  6 -4 -2  0  2  4  6 -4 -2  0  2  4  6  0  1  2  3
-2  0  2  4-2  0  2  4-4
Ao valve close
Ao valve close
-4 -2  0  2  4  6-4  6 6
? 4.11: ??? II?????????? 5???????????????????. (1)
1??. (2) 2??. (a) ??????? 41 ms?. (b)??????. (c) ??????? 41
ms. (d) ?????????±82 ms???????????????????????.








????, ???R???????????????, 3.3????????? 2????
???????????????????.
? 4.12?, ???R???±82 ms???????????????????????
?????, ??? 2?????????????????. ?????????????
??, R???????????????????????????????. ? 4.12(a),
(b)????? 3.3???????? C, D????????????????????.



























? 4.12: ???R???????????????????????. ??? R ???
±82 ms?????????????????????????????????. (a) ?





















? 1???, ????????????, ????????????????.




? 3???, ????????????????? in vivo??????. ??????
??????????????? (? 1/600 s)??????????, ????????
??????. ???R???????, ?????????????????????
??. ??, ???????????????????????????? 15-130 ms?
??????????. ????????????, ????????????????
???????. ???????? in vivo ???????, ?????????????
????????.
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